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Breakup of the North Atlantic
age of 56 Ma or older [25, 26] . Basalts recovered from the upper series have high 47 concentrations of magnesium oxide (see Table 1 ; [19] ) and have been inferred 48 to be close to primary [27] . It is believed that these units were rapidly erupted 49 through a system of fissures rather than stored within magma chambers [22] .
50
Furthermore it is suggested that such aphyric picrite with 18 % MgO would 51 have had an eruption temperature of 1380
• C, which implies a mantle potential 52 temperature 1500 to 1600
• C [28, 24] .
53
Site 990 lies fractionally further off-shore and was also emplaced at roughly which we will refer to as WM91 [32] . The instantaneous melt composition, C l ,
84
is found by the following empirical formula,
where F is the fraction of melt generated and a, b and D are estimated from 
88
[32]).
89
The statistical empirical approach of WM91 to generate a function for the com- 2. An alternative approach to quantifying the composition of the melt is to 100 use the partition coefficient, D, that determines the ratio of a particular oxide 101 within the solid and liquid parts.
C s is the weight percent solid composition and C l is the liquid composition. 
where u is the mantle flow, φ is the porosity andṁ is the melt production 130 rate. For a completely compatible trace element, D → ∞:
We solve Equations 3 and 4 using a Petrov-Galerkin method for the advection generated is given by the weighted average of the C(F ) over the melting region:
Thus assuming all melt is instantaneously removed at some depth from the 152 centre of extension, the composition of the melt can be calculated for the 153 evolution of the margin at different spreading rates and mantle potential tem-
154
peratures. Likewise we calculate the bulk melt fraction, F bulk as the integral,
over the melt region. The igneous crustal thickness, h c is calculated assuming that all the melt is focused and accretes at the ridge axis following [9, 11] ,
where ρ m is the mantle reference density and ρ l is the melt density (see Table   160 2 in Appendix A).
161

Model boundary and initial conditions
162
The top of the 2800 km wide by 700 km deep box (shown in Figure 2) This is possibly due to an underestimation of the other elements at depth, as 242 silica concentration is calculated as 100 % minus all the other oxides.
243
As the hot layer is advected through the melt region the melt generation in- we generate basalts with a titanium magnesium ratio representative of the sill 318 basalt.
319
Our crystallisation has been less successful at predicting other major element 320 ratios, although it is not far off for some elements such as silicon and iron
321
oxides (see Figure 7) . This is likely due to the liquid line of descent being 322 more complicated than the simple isobaric approach taken here. Given that 323 the primary melts we generate are picritic and are generated at depths of up to 324 100 km, there may be some significant crystallisation en route to magma pools 325 and/or fractures. There will also be mixing and crystallisation within magma 326 pools, and further crystallisation and interaction with rock upon eruption.
327
Given all the possible scenarios we find it encouraging that we can generate 328 major element compositions close to the basalts erupted soon after breakup. where u is the mantle flow vector, u 1 and x 1 are the mantle flow and displace-416 ment in the horizontal x-direction and u 2 and x 2 are the flow and displacement 417 in the vertical z-direction. Equation 8 can be rewritten as,
419 and then by leaving out the summation sign, , with the understanding that 420 repeated indices are summed, the conservation of mass, momentum and energy
421
can be written as,
where u is the solid mantle creep, T is the mantle temperature, τ is the 426 deviatoric stress tensor, ∆ρ is the density change due to temperature and the 427 generation of melt,ṁ is the melt production rate and λ i is a unit vector in Table 2 .
430
Stress and Rheology
431
Deviatoric stress is given by,
whereǫ ij is the strain rate and η is the viscosity given by the following rheo-
where E is the activation energy, V is the activation volume, n is the stress 437 exponent and R is the gas constant. A is a rheological parameter set from the 
447
Buoyant Upwelling
448
The change in density of the mantle due to temperature and melting is given 449 by,
where α is the coefficient of thermal expansion. γ and β are constant to scale 452 the melt porosity, φ, and melt fraction, F , terms and shall be defined later.
453
Melt porosity is the volume occupied within the mantle by melt and is gov- 
The fraction of melt generated, F , is calculated from the advection of the 
and β is given by,
469 and the constants are listed in Table 2 . and when in the dry melting regime,
Therefore the melt production rate is simply,
where δt is the advection time step.
485
Dimensions
486
The main equations of flow (Equations 10, 11 and 12) are made non-dimensional 487 in the following manner, The blue shaded area marks the time interval when melt is initially being produced in small quantities. 'breakup' occurs when there is a peak in melt production. The dark red shaded area represents the age rage of magnetic anomaly C24r [17, 18] . The red circles show estimated crustal thickness from Holbrook et al. [12] . The black circles show primary composition from ODP site 990, the white circles show primary composition from ODP site 917 (see Table 1 , [19, 27, 30] ). for the first 4 Ma of evolution followed by constant spreading at 10 mm yr −1 . Other details as in Figure 5 .
